6th American Association for Wind Engineering Workshop (online)
Clemson University, Clemson, SC, USA
May 12-14, 2021

An analytical study into the performance of cross-laminated
timber structures subject to tornado events
Michael Stonera,*, Weichiang Pang b
a

Clemson University, Clemson, SC, USA, mwstone@clemson.edu
b
Clemson University, Clemson, SC, USA, wpang@clemson.edu

ABSTRACT:
Tornadoes have long presented a challenge in designing for safety and structural performance as they are difficult to
observe, violent in nature, and have a relatively low impact area. The geographically varying hazard also makes it
difficult to understand where it may be necessary to design for a more severe tornado event. This study provides
insight into the application of Cross-Laminated Timber as materials to resist the hazards of tornadoes in residential
structures. The design procedures outlined in ASCE 7-16 were applied to a residential mass timber structure. In
addition, the expected performance of mass timber residential archetypes was examined through Monte-Carlo
Simulation, considering vertical and the horizontal load paths. Furthermore, the study detailed the benefits of a mass
timber residential structure, give examples of achieving these goals through available design provisions, and examine
the geographic variation in the hazard associated with tornadoes.
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1. INTRODUCTION
As monetary loss and fatalities due to tornadoes continue to be present in the United States, efforts
have been made to design structures to resist the loads associated with these events. Tornadoes
have seen an increase in the insured and total losses due to their violent nature and lack of warning
time. Much of this loss comes from damage to residential structures built primarily using wood
framing techniques (Ellingwood and Rosowsky, 2004). Provisions in the commentary of Chapter
26 of ASCE 7-16 provide methods for calculating the forces due to tornadoes based on research
and observations from tornado events. These provisions require consideration of the response to
the increased wind induced pressures associated with tornadoes.
Innovations in the use of wood as a structural material have included the invention of engineered
wood products including Cross-Laminated Timber (CLT) for which markets are expanding. CLT
is an engineered wood panel typically consisting of three, five, or seven layers of dimension lumber
oriented at right angles to one another and glued to form structural panels with high strength,
dimensional stability, and rigidity (Karacabeyli and Douglas, 2013). These properties make is
suitable to resist loads associated with the hazards of tornadoes and hurricanes.
To better understand the performance of CLT as a structural material that has the potential to resist
the hazard associated with tornado events, analyses were performed on CLT residential archetypes.
In addition, the geographic variation in the hazard associated with tornado events was considered
to determine the locations in the United States where building with CLT may be most
advantageous.
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2. DEVELOPMENT OF PERFORMANCE MODEL
As a method for quantifying the potential of CLT to resist tornado hazards, a series of archetypes
was designed using 3-layer CLT. These archetypes were developed based on the geometry of
residential archetypes developed for a similar study on light-frame wood residential performance
(Amini and van de Lindt, 2013). Each panel in the five archetypes was analysed based on the
provisions for tornado design in ASCE 7-16, namely the Extended Method (ASCE, 2016). The
panel’s capacity and demand, given a tornado event was simulated using Monte Carlo Simulation.
The failure modes of debris impact failure, panel failure, connection failure, and system level
failures of sliding and overturning were considered. The probability of failure for each of the five
archetypes given a tornado event was analytically determined from the simulation and expressed
using fragility curves in Figure 1. The fragility performance, relating tornado wind speed to
probability of failure

Figure 1. Fragility performance of light-frame and CLT residential structures

3. HAZARD ANALYSIS CLT STRUCTURES SUBJECT TO TORNADO EVENTS
Tornadoes are unique in that their effects are relatively localized, and their hazard is highly
geographically dependent. A study that simulated 1 million years of tornado events based on
historical data was utilized to determine the geographic variation in hazard associated with tornado
events (Fan and Pang, 2019). The tornado hazard was coupled with the simulated performance
to calculate the expected failure and loss associated with tornado events for the contiguous United
States. Statistics such as the reliability index and annual probability of failure were calculated for
locations and an estimated cost comparison was performed between CLT and light-frame
residential construction. Reliability index is a measure of the probability of failure where a larger
number indicates a lower probability of failure. Figure 2 shows the probability density function
of reliability index for all locations fit to a generalized extreme value distribution. While only 9.4%
of the United States has a reliability of less than 2.5, more than 40% of the United States by area
has a reliability index less than 3.0, and more than 71% having an index less than 4.0 for residential
structures constructed using light-frame construction. Conversely, only 4.6% of residential
structures in the United States would have a reliability index less than 4.0 if constructed using
CLT. Targets for reliability vary based on the hazard being considered, the consequence of
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failure, and the likelihood that failure leads to additional damage. Typically, reliability index
targets are between 2.0 and 4.0.

Figure 2. Reliability indices for light-frame and CLT residential structures in the contiguous U.S.

3. CONCLUSIONS
Tornadoes continue to present a challenge to designers as they can produce significant damage to
the built environment. Studying alternative building materials, such as CLT, and quantifying its
performance when subjected to such events, presents a potential solution to those areas most
vulnerable to tornadoes. While CLT may not be a cost-effective solution through the lifetime of
typical residential structures, its potential to serve as a resilient structural material could be further
developed. In addition, this study presented a framework for analysing the response of structures
by simulating its performance in a tornado event and studying the hazard associated with
tornadoes.
ACKNOWLEDGEMENTS
The authors would like to acknowledge the assistance of United States Forest Service Grant No. 16-DG-11083150054 and the National Science Foundation Graduate Research Fellowship Program (Grant No. 2015209393) for their
sponsorship of this research. Any opinions, findings, and conclusions or recommendations expressed in this material
are those of the author(s) and do not necessarily reflect the views of the National Science Foundation or United
States Forest Service.
REFERENCES
Ellingwood, B. R., & Rosowsky, D. V. (2004). Fragility Assessment of Structural Systems in Light-Frame Residential
Construction Subjected to Natural Hazards. Structures 2004. doi: 10.1061/40700(2004)119
Karacabeyli, E., Douglas, B., 2013. CLT Handbook: Cross-Laminated Timber. FPInnovations, Pointe-Claire, QC.
Amini, M., and van de Lindt, J. (2013). “Quantitative insight into rational tornado design wind speeds for residential
wood-frame structures using fragility approach.” J. Struct. Eng., 10.1061/(ASCE)ST.1943-541X.0000914,
04014033
ASCE (2016). Minimum Design Loads for Buildings and Other Structures. Reston, VA: Structural Engineering
Institute.
Fan, F., & Pang, W. (2019). Stochastic Track Model for Tornado Risk Assessment in the U.S. Frontiers in Built
Environment, 5. doi: 10.3389/fbuil.2019.00037

250

